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Abstract 
In spite of the fact that direct steam generation (DSG) technology in solar thermal power plants is one of the most promising 
options for both improving efficiency and reducing electricity costs, no cost-effective storage technology is still available. In this 
paper a new approach based on the use of thermotropic liquid crystals (LC) as PCMs is presented. These materials are organic 
based molecular compounds that do not exhibit only a single transition from solid to isotropic liquid but rather a cascade of 
transitions involving intermediate fluid phases called mesophases. By using liquid crystals two main benefits are expected: 
energy exchange will take place by convection –thus a two tank system configuration is applicable-, and the discharging power 
curve will be constant with time –improving the annual energy yield and dispatchability of the plant-. In this paper, a preliminary 
estimation of the figures of merit of potential LC candidates, in terms of phase change enthalpies and specific cost have been 
calculated by comparison with latent storage systems with low-k inorganic salts plus a heat transfer enhancement mechanism, 
which is the option widely considered today. Since the organic nature of LC allows tailoring their thermal properties, it should be 
possible to prepare materials that fit the requirements for DSG storage applications. In this way we believe that this totally new 
perspective of liquid crystals application is worth being developed in order to demonstrate the experimental viability of the 
concept. 
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1. Introduction to the concept 
In the industrial sector, many thermal processes involve steam as heat carrier, whereas in solar thermal power 
plants the direct steam generation (DSG) technology is one of the most promising options for both improving 
efficiency and reducing electricity costs [1]. Although successful demonstration of DSG feasibility can be already 
found in various commercial CSP plants ([2], [3]), no cost-effective storage technology is still available for this kind 
of applications. This is why the development of storage systems adapted to the characteristics of DSG technologies 
is nowadays dramatically increasing. 
Since DSG technology entails water condensation/evaporation processes, the storage/release of latent heat is 
required. Up to now, latent heat energy storage has been achieved with phase change materials (PCMs) undergoing 
solid to liquid transitions at temperatures close to the steam working conditions. When a PCM changes from liquid 
to solid phase, the freezing front progress takes place only by conduction, which means that heat transfer efficiency 
is limited by the thermal conductivity of the solid phase. PCM’s used in DSG applications are usually based on 
inorganic nitrate salts with solid to liquid transitions in the range of 200-340 ºC with enthalpies around 100-300 
kJ/kg [4] but rather low thermal conductivities (~0.5 W/mK). This reduces the power density of the whole storage 
system and prevents constant power in discharge due to the variable thermal resistance imposed by the solid phase 
formation. To date, this drawback has been overcome in different ways mainly focused on improving the solid phase 
thermal conductivity (composites, extended surfaces, metallic PCMs) or increasing the heat transfer area (macro-, 
micro- or nano-encapsulation). However, in all these cases, the electrical power curve when discharging the storage 
system still decreases with time even by operating under sliding pressure [5]. 
The solution proposed from our lab is the use of alternative PCMs that absorb/release energy when they undergo 
a change between two fluid phases [6]. This kind of behavior is only displayed by thermotropic liquid crystals, 
which are organic based molecular compounds that do not exhibit only a single transition from solid to isotropic 
liquid but rather a cascade of one or more transitions involving intermediate fluid phases, called mesophases. With 
this innovative approach two main benefits are expected from the thermodynamic point of view. On one hand, 
energy exchange should take place by convection, which is a heat transfer mechanism much more efficient than 
conduction. On the other hand, the power curve should be constant with time during both charge and discharge 
processes of the storage system. In addition, if mesophase interval is wide enough, sensible heat would be stored as 
well. Hence, the main advantage of using liquid crystals as storage media is that they can exchange both latent and 
sensible heat while keeping the ability to flow, which brings the additional benefit that they can be used not only for 
heat storage but also for heat transport. 
Apart from thermal stability at working temperature ranges, the most important requirements that should fulfill a 
certain liquid crystal for being used as storage material for DSG are that clearing point (i. e. mesophase to isotropic 
liquid transition) must be close to the steam working temperature, clearing point enthalpy must be high and both 
liquid crystal and isotropic liquid phases must display low viscosity. 
Taking into account these conditions, the paper published by Acree and Chickos [7], which records the thermal 
properties of more than 3000 organic liquid crystals, was carefully revised. In that survey we found various liquid 
crystal families with clearing temperatures in the range 240-320 ºC and clearing point enthalpies as high as 90 kJ/kg 
and hence very close to the values displayed by many inorganic PCM’s. Although those compounds represented 
only an example, their thermal properties proved that liquid crystals could have a great potential as PCMs for latent 
heat storage especially because their organic nature allows the molecules to be tailored until the desired properties 
are obtained. 
2. DSG power plant description with liquid crystals based thermal storage 
One of the main concerns arising when a new storage concept is proposed is its implementation in the whole 
thermal plant performance and its comparison with other existing storage options. In this way, the schematic 
diagram of the storage system that should be implemented in a solar plant with DSG is shown in Fig. 1. As we can 
see, a good storage system should be composed by three subsystems: two of them based on sensible heat storage for 
preheating and for superheating and another one for latent energy storage. In relation to the sensible heat storage 
subsystems several approaches are currently under study, which include for example the use of concrete as storage 
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material [5] or the implementation of a three-tank system where both superheating and preheating parts are 
connected by a buffer tank [12]. The existing options for latent storage that have been tested to date at up-scaled size 
are the inorganic PCMs like eu-NaNO3-KNO3 [10] and the NaNO3 [5]. 
 
Fig. 1. Scheme of a storage system for a DSG CSP plant comprising a latent heat module and two additional sensible heat modules. 
For the particular case of a DSG plant with a thermal storage based on liquid crystals, the two sensible modules 
and the latent subsystem could be gathered in a joint two-tank system as displayed in Fig. 2. This would represent an 
additional advantage, since storage components and equipment are reduced, but needs additional requirements to be 
fulfilled by the liquid crystals which are: adequate solidification temperature, suitable high temperature limit and 
stability.  
 
 
Fig. 2. Scheme of a DSG CSP plant with a liquid crystal based thermal storage system. 
The implementation of a liquid crystal based latent thermal storage in DSG CSP plants has been performed for 
both 50 MWe and 100 MWe plant sizes and different cases of storage capacity and steam working conditions. The 
reference DSG CSP plants considered in the calculations assume power blocks with 37.5% thermal to electrical 
efficiency. Although for charging and discharging processes the portions of heat supplied/removed to/from the 
storage are a bit different, in the design of the latent storage system it has been assumed that from the whole amount 
of stored energy, 60% is under latent form and 40% is under sensible form. In Table 1 the amount of energy to be 
stored (both total and latent) is shown for each plant size and 2 h, 4 h, 6 h and 7.5 h hours of stored capacity. 
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Table 1. Thermal energy to be stored (total and latent) for different plant sizes and storage times 
Plant size 
[MWe] 
Q [MWthh] 
Storage capacity [h] 
2 4 6 7.5 
50  Total 266 532 798 998 
100  532 1064 1596 1995 
50  Latent (60%) 159 319 478 598 
100  319 638 957 1197 
 
The design figures in terms of PCM mass corresponding to each power plan case have been calculated by 
considering the most appropriate liquid crystal according to the information available. In this way the selected liquid 
crystals were chosen not only in terms of clearing point temperature and enthalpy but also by taking into account 
that mesomorphic range should be at least 20 °C, for preventing solidification due to thermal losses and that 
isotropic phase should be stable at least for 20 °C above the clearing point. As said above three different working 
conditions for the power block have been considered: 100 bar (Tsat-steam = 311ºC), 70 bar (Tsat-steam = 286ºC) and 30 
bar (Tsat-steam = 234ºC). In this way some liquid crystal whose clearing temperature and enthalpy could fit the storage 
requirements are represented in Fig. 3 ([8], [9]) and the thermal properties available in the literature for these 
compounds together with the corresponding steam working conditions are recorded in Table 2. 
 
Fig. 3. Clearing point enthalpy vs. clearing temperature for various liquid crystals that could be storage candidates for DSG applications with 
different saturated steam working conditions (see Table 2). 
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Table 2. Steam working conditions and thermal properties of the liquid crystals chosen as possible storage candidates for a DSG plant. 
Steam working conditions LC type Tclearing ǻHclearing Mesophase interval 
100 bar/311ºC LC-A: (n=7) [8] 300ºC 55.3 kJ/kg 44ºC 
70 bar/286ºC LC-B: (n=9) [8] 287ºC 46.6KJ/kg 74ºC 
 LC-C: (n=3) [9] 278ºC 78.9/kg 62ºC 
30 bar/234ºC LC-D: (n=9) [9] 235ºC 44 kJ/kg 113ºC 
 
It is important to note here that one of the main problems the authors have faced when carrying out this study has 
been the scarcity of thermal data available in the literature for the liquid crystals of interest for this application. 
Actually, most liquid crystals are developed for optoelectronic applications, which means that the study of their 
properties is mainly focused on that direction. Hence since no information is available in relation to heat capacity 
values of the liquid crystals recorded in Table 2, the calculations have been focused only on the latent function of 
the LC storage system. Taking into account the information of Table 1 and Table 2 the LC mass for each plant 
configuration has been calculated and the resulting values are shown in Table 3. 
Table 3. LC mass calculated for each DSG plant configuration: plant size [MWe], storage capacity [h] and steam working conditions. 
Plant size 
[MWe] 
Steam working 
conditions LC mass [ton] 
Storage capacity [h] 
2 4 6 7.5 
50 100 bar/311ºC LC-A  10416 20832 31248 39060 
100  20832 41664 62495 78119 
50 70bar/286ºC LC-B  12361 24721 37082 46352 
100  24721 49442 74163 92704 
50 LC-C 7300 14601 21901 27376 
100  14601 29202 43802 54753 
50 30bar/234ºC LC-D 13091 26182 39273 49091 
100  26182 52364 78 545 98182 
 
3. Liquid crystal requirements in terms of cost estimation and phase change enthalpy 
In this section similar calculations have been performed for the case of inorganic PCMs, which up to now are the 
most studied and tested option for latent storage in DSG plants. In this way those calculations will serve as reference 
for establishing the LC requirements in terms of phase change enthalpy and cost requirements for a LC candidate to 
be considered as a good latent storage alternative. The inorganic PCMs considered for the three steam working 
pressures with their relevant properties and the corresponding estimated cost are recorded in Table 4. 
Table 4. Inorganic PCMs that could be used as storage materials for the steam working conditions considered in this work. 
Steam 
working 
conditions 
Inorganic salts Ts-l ǻHs-l 
Estimated 
cost 
100 bar/311ºC NaNO3 306ºC 175 kJ/kg 500€/t 
70 bar/286ºC NaCl (5,7%mol)-Na2CO3(2,6%mol)-NaOH (91,7%mol)  282ºC 316KJ/kg 335€/t 
30 bar/234ºC Eu-NaNO3(50%mol)-KNO3(50%molar) 222ºC 100 kJ/kg 800€/t 
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The amount of these inorganic PCMs required for the latent part of the storage system implemented in the 
different DSG plants considered in the calculations are shown in Table 5. 
Table 5. Inorganic PCM mass calculated for each DSG plant configuration: plant size [MWe], storage capacity [h] and steam working conditions. 
Plant size 
[MWe] 
Steam working 
conditions Inorganic salts mass [ton] 
Storage capacity [h] 
2 4 6 7.5 
50 100 bar/311ºC NaNO3 3291 6583 9874 12343 
100 6853 13166 19749 24686 
50 70bar/286ºC NaCl-Na2CO3-NaOH 1823 3646 5468 6835 
100 3646 7291 10937 13671 
50 30bar/234ºC NaNO3-KNO3 4364 8727 13091 16364 
100 8727 17455 26182 32727 
 
In order to enhance the heat transfer of these inorganic PCMs with low thermal conductivity, metal fins of carbon 
steel, stainless steel or aluminum (Table 6) are assumed to be required. Although the optimized shape of fins might 
depend on the storage module configuration [5], rectangular fins transversal to water/steam pipes are considered in 
the calculations for simplicity. Following the approach of the DISTOR prototype [10], the fins are 1mm thick, are 
separated from each other 10 mm and represent around 10% of total volume. 
Table 6. Material density and estimated cost for the metal fins required for enhancing the inorganic PCMs heat transfer. 
Fins material Density  Estimated cost 
Carbon steel 7800 kg/m3 1500€/t 
Stainless steel 7800 kg/m3 2000 €/t 
Aluminum 2700 kg/m3 2000 €/t 
 
Obviously, the cost of the different components of a storage system may be different depending of the storage 
system size. However we have assumed a rough cost estimation of 40·106 €/GWh for a two-tank configuration, for 
which cost contribution and specific costs are displayed in Fig. 4 (pie chart & table). 
 
 
 
 
Component Specific cost 
Tank 268 €/m3 
Pumps 130630 €/tank 
HX 447 €/m3 
Civil&others 10.5% of the tot l 
 
Fig. 4 Cost contribution and specific cost of different components of a two-tank storage system. 
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The cost for a latent storage subsystem using an inorganic PCM is calculated using these tank and HX specific 
costs, assuming that molten salt pumps have the same specific cost as high pressure water-steam pumps and 
considering only the material cost of the fins. In Fig. 5 the cost contribution for each component is displayed when 
steam working conditions are 100bar/311ºC and NaNO3 is used as inorganic PCM for a DSG plant of 50 MWe with 
7.5 h storage. As we can see, the cost of the latent storage system goes from 24 M€ with stainless steel fins to 17 M€ 
with Al-fins. This is because stainless steel has the highest price whereas aluminum has lower price but also lower 
density which strongly reduces the cost of the storage system (see Table 6). It must be pointed out here that despite 
its reduced cost, aluminum can present problems in terms of corrosion and temperature endurance, which can limit 
its use as conductivity improver for inorganic PCMs. 
 
Fig. 5 Estimated cost contribution for the different components of a latent storage system with NaNO3 and fins as heat transfer enhancement 
mechanism. 
In order to do similar calculations for the LC storage subsystem, the density values of the materials are required. 
Unfortunately, we did not find any information about densities corresponding to the LC materials displayed in Table 
2. According to the values found in literature for other LC compounds [13], we have assumed as a first approach, a 
LC density of 1000 kg/m3, which is about the half of the density considered for the inorganic PCMs. This fact, in 
conjunction with the lower phase change enthalpies for LCs (under 90 kJ/kg), implies that the stored energy density, 
in kJ/m3, is relatively low and hence for the same amount of stored energy larger tank volumes are required. Thus, 
even if the cost increase due to the fins is considered, none of the potential LC candidates will have a final cost 
similar to the cost of latent subsystem with inorganic PCMs. Since increasing the density may have disadvantages in 
terms of pumping power consumption, the most convenient option would be looking for LCs with higher phase 
change enthalpies.  
In this way, if we could find a LC with a phase change enthalpy similar to the values displayed by inorganic 
PCMs, more promising results could be obtained for the specific cost of the LC. In Fig. 6 the specific costs a certain 
liquid crystal required for obtaining the same latent storage subsystem cost as in the case of NaNO3 with fins have 
been plotted for the different plant sizes (500 MWe and 100 MWe) and fin materials (carbon steel, stainless steel and 
aluminum). In the calculations, 175 kJ/kg has been taken as LC phase change enthalpy which corresponds to the 
melting enthalpy of NaNO3. As we can see, the higher the plant size or the higher the storage capability, the higher 
the LC price that could be afforded.  
Finally, it should be highlighted that the main advantage of using LCs as PCMs for a latent storage subsystem in a 
DSG plant is its capability of providing constant discharge power, unlike the inorganic PCMs. This advantage will 
have, undoubtedly, economic consequences, since it will improve both the annual yield of the plant and its 
dispatchability. In this study, none of these economic consequences have been taken into account in the calculations, 
which means that probably, the estimated specific cost given in Fig. 6 could be even higher. Actually, since liquid 
crystals are organic based compounds, it is possible to tune their molecular structure in order to achieve certain 
required characteristics. If this has been done already for obtaining special optoelectronic features, it could be done 
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as well for the specific thermophysical properties that should be fulfilled by a LC meant to be used as PCM for DSG 
applications. 
 
 
Fig. 6. Specific cost of a LC material with 175kJ/kg phase change enthalpy that would leads to latent storage subsystem cost similar to the case of 
NaNO3 with metallic fins. 
 
4. Conclusions 
This paper presents a new approach for the latent storage system required in a DSG CSP plant, which is the use 
of liquid crystals as phase change materials, i.e., as storage materials. These materials display the feature of 
exchanging latent heat between different fluid phases. In this way the two-tank configuration for the storage system 
can be applied and constant discharge power can be easily attainable.  
In this work, a preliminary estimation of the LCs figures of merit, in terms of phase change enthalpies and 
specific cost have been calculated by comparison with latent storage systems with inorganic PCMs, which is the 
option widely considered today. Since the application par excellence of LC materials is for optoelectronic devices, it 
has being impossible to find out all the required information, mainly thermophysical properties, of potential LC 
candidates. Several and important assumptions have been made but they have been always supported by literature 
data related to other LC compounds. Since most LC materials are tailor-made, we are confident on the possibility of 
adjusting the LC characteristic to the ideal ones. In this way we believe that this totally new perspective of liquid 
crystals application is worth being developed in order to demonstrate the experimental viability of the concept. 
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